Bumblebees are widely used to pollinate various crops, especially tomato, in greenhouses and fields. Here, we investigated whether different sugar solutions have any effects on the oviposition and colony development of Bombus terrestris queens. The types of sugar solution used were a white sugar solution, brown sugar solution, dark brown sugar solution, and prepared sugar solution; all solution contained with a 40% sugar concentration and 0.3% sorbic acid. Among these sugar solutions, B. terrestris queens reared on the white sugar solution exhibited the best results; the rates of oviposition, colony foundation and progeny-queen production were 75.0 ± 11.0, 33.0 ± 9.6 and 21.7 ± 7.3, respectively, which corresponded to 1.1-33.0-fold increases over the results of other sugar solutions. Queens reared on the prepared sugar solution did not found any colonies. The death rate within one month was lowest for the queens reared on the white sugar solution at 26.1 ± 10.9%, which was 1.2-2.0-fold lower than the rate for the other sugar solutions. Furthermore, the numbers of progeny produced by queens reared on the white sugar solution, 131.4 ± 38.8 workers and 51.0 ± 40.6 queens, were also higher, corresponding to 1.1-1.2-fold increases compared to queens raised on the other sugar solutions. Therefore, the white sugar solution was the favorable sugar solution for the egg-laying and colony developmental characteristics of B. terrestris queens.
Introduction
Bumblebees (Hymenoptera, Apidae, Bombini) play a major ecological role as important pollinators of various greenhouse crops and are particularly effective at pollinating tomatoes (Buchmann and Hurley, 1978; Banda and Paxton, 1991; Free, 1993) . In general, Bombus species are annual eusocial insects with short-lived colonies and are found mainly in Palaearctic, Nearctic, and tropical ecosystems. Queens are the only caste to overwinter (enter diapause), and workers and males die during late summer and early autumn, respectively (Heinrich, 1979, Duchateau and Velthusis, 1988; Goulson, 2003) . Unlike in honeybees and stingless bees, bumblebee colonies are generally founded by a single queen and thus pass through stages in which a relatively small number of individuals must meet colony needs (Michener, 1974) . Foraging regulation is a prime example of colony cooperative action. Bumblebee colonies can activate nectar foraging and adjust the number of nectar foragers according to the colony's nectar stores. Foraging activity increases in Bombus terrestris and B. transversalis colonies after foragers return from nectar collection (Dornhaus and Cameron, 2003) , and this increase depends on the food sucrose concentration (Dornhaus and Chittka , 2005) .
In studies of the artificial mass-rearing of bumblebees, every author has used pollen and honey obtained from honeybee hives (Griffin et al., 1991; Tasei and Aupinel, 1994; Ono et al., 1994; Hannan et al., 1998 , Yoon et al., 2005a although the supplying method has varied slightly among experiments. Pollen and nectar are the two food resources necessary for bumblebees. Pollen is their primary protein source and is necessary for larval growth and the production of eggs by reproductive females, whereas nectar is their major source of energy for activity and the thermoregulation of the hive (Plowright and Pendrel, 1977; Heinrich, 1979; Sutcliff and Plowright, 1988, 
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*To whom the correspondence addressed Department of Agricultural Biology, National Academy of Agricultural Science, RDA, Suwon 441-100, Korea. Tel: +82-31-290-8567; E-mail: yoonhj1023@korea.kr 1990). Both resources are initially acquired by the queen during colony development and later by foraging workers. The study of feeding is significant for efforts to enhance colony development. In B. ignitus, to deposit food on larvae, workers place their mouths into the larval cell through an orifice (Katayama, 1973 (Katayama, , 1975 . In the majority of cases, the number of orifices in the wax envelope made by the queen and/or workers when feeding the larvae corresponded to the number of larvae present in the egg cell. Queen-worker differentiation in social insects depends primarily on nutritional and social factors (De Wilde and Beetsma, 1982; Wheeler, 1986) . The production of new bumblebee queens has been related to factors such as the availability of food, the relative number of workers involved in foraging and nursing and the presence of a queen (Pomeroy and Plowright, 1982; Duchateau and Velthuis, 1988) . Caste-specific differences in feeding frequencies are a result, but not the cause, of differences in development (Pereboom et al., 2003) . As the survival, growth and reproduction of a colony depend strongly upon the influx of nectar and pollen, selection is expected to maximize energy influx into the colony by efficient allocation of the available workforce to the necessary tasks (Spaethe and Weidenmüller, 2002 ). Short-term food shortfalls affect colony development in many ways. They may increase the vulnerability of colonies to predators and parasites (Cartar and Dill, 1991) , provoke a drop in brood temperature and torpor in workers (Heinrich, 1979) , lengthen the development time of immatures (Plowright and Pendrel, 1977; Sutcliffe and Plowright, 1988, 1990) , and result in the production of smaller adults (Sutcliffe and Plowright, 1990) . Workers in nectar-dependent bumblebee colonies may switch from in-colony to foraging tasks (Cartar, 1992) , take more risks by foraging in the presence of predators (Cartar, 1991) , and be less aggressive towards predators and social parasites (Cartar and Dill, 1991) .
In a previous paper (Yoon et al., 2005b), we discussed different concentrations of sugar solution and the addition of antiseptic to the sugar solution. Therefore, in this study, we investigated whether different types of sugar solutions have any effects on oviposition and colony development in B. terrestris.
Materials and Methods
Origin of experimental insects
The experimental insects were 13 th generation B. terrestris queens that had been either CO 2 treated or artificially hibernated for 10 weeks. The CO 2 -narcosis group was exposed to 99% CO 2 for 30 min daily for two consecutive days (Yoon et al., 2003) . The artificially hibernated queens were hibernated for 10 weeks at 2.5 o C while preserved in a bottle filled with perlite and kept at approximately 80% R.H. Next, the queens were placed in flight cages for three days and then reared at 27 ± 1 o C and 65% R.H.
Indoor rearing
The basic colony-rearing technique followed that described in Yoon et al. (2002) . The queens were reared in three types of plastic boxes (1.5 mm thick), one each for nest initiation (10.5 × 14.5 × 6.5 cm), colony foundation (21.0 × 21.0 × 15.0 cm), and colony maturation (24.0 × 27.0 × 18.0 cm). Queens were first confined individually in small boxes for colony initiation and remained there until oviposition. To stimulate egg-laying, two old and narcotized B. terrestris workers, aged 10-20 days after emergence, were added to each box with a queen (Yoon and Kim, 2002) . When the adults from the first brood emerged, the nest was transferred to a medium box for colony foundation and left there until the number of workers reached 50. The nest was then moved to a larger box for further colony development. A forty percent sugar solution with 0.2% sorbic acid and pollen dough were provided ad libitum (Yoon et al., 2005a) . The pollen dough was made from a sugar solution and pollen (v : v = 1 : 1).
Egg-laying characteristics and colony development in B. terrestris under different sugar solutions To examine the effects of the sugar solution on egg-laying characteristics of B. terrestris, the following environmental conditions were provided. The sugar solution regimes were a white sugar solution, brown sugar solution, dark brown sugar solution, and prepared sugar solution (prepared with dextrose, fructose, sucrose, etc.). The concentrations of the sugar solutions were 40%, based on the results of a previous paper (Yoon et al., 2005a) . The antiseptic was sorbic acid (Junsei Chemical Co.), which is used in artificial diets of insects, and its concentration was 0.2%. The experimental insects were 13 th generation B terrestris queens that had been either CO 2 -treated or artificially hibernated for 10 weeks. In the case of the CO 2 -treated queens, on the second day after mating, queens were CO 2 -treated and then reared in a climate-controlled room (27 ± 1 o C, 65% R.H. and continuous darkness). A total of 30 queens were used in that experiment with two replications. On the other hand, artificially hibernated queens were placed in flight cages for three days (Yoon et al., 2004b) and then reared in a climatecontrolled room (27 ± 1 o C, 65% R.H. and continuous darkness). A total of 40 B. terrestris queens were used in the artificial hibernation experiment. There were no significant differences in the weight of the queens before rearing them on different sugar solutions (0.74-0.76 g) at p < 0.05 using Tukey's pairwise comparison test (Fig. 1, F = 0.46, df = 3, 
